Kudoa thyrsites is a myxozoan parasite, which encysts within myocytes of a variety of fishes.
Introduction
The genus Kudoa (Myxozoa) is composed of over 90 species parasitic on a wide range of marine and estuarine teleosts, and one species from the North-Pacific giant octopus Paroctopus dofleini (Wülker) (Yokoyama & Masuda 2001) . Most Kudoa species are histozoic, infecting a variety of tissues including muscle, kidney, ovary, and brain (Moran, Whitaker & Kent 1999c ).
Infections of the skeletal muscle are the most common and are characterized by visible cysts or microscopic intracellular pseudocysts (Moran et al. 1999c) . Although there are no reported effects on the physiology or life-span of the hosts from skeletal muscle infections, their impact on commercial fisheries and aquaculture is due to the presence of visually unappealing cysts or post-mortem softening of the flesh (Moran et al. 1999c) . Kudoa thyrsites (Gilchrist 1924 (Whipps & Kent 2006; Moran et al. 1999c; Langdon 1991; Kabata & Whitaker 1981; Harrell & Scott 1985; Kabata, Whitaker & Bagshaw 1986; Levsen, Jørgensen & Mo 2008) . K. thyrsites has a widespread distribution with endemic strains in most temperate regions, including the North-East Pacific, North-West Europe, Japan, Southern Australia, Chile, and South Africa (Whipps & Kent 2006) , and is the most frequently studied species of the genus. Economic consequences of soft-flesh syndrome are high in aquaculture facilities located in regions having high prevalence of infection. Although infection prevalence can be monitored within affected farms by PCR or examining fillets for manifestation of softflesh, there are no external clinical signs to identify and cull infected fish. Therefore, the effects are not realized until after processing and accrual of all production costs. In British Columbia, Canada annual costs to the Atlantic salmon aquaculture industry due to K. thyrsites infections reach millions of dollars, e.g. in 2002 losses were estimated at 50 million CAD (Funk, Raap, Sojonky, Jones, Robinson, Falkenberg & Miller 2007) .
Myoliquefaction is caused by enzymatic degradation of the host musculature. In M.
productus, myofibrils in close proximity to the pseudocysts of K. thyrsites and K. paniformis infections are affected while the fish is alive (Stehr & Whitaker 1986 ). Most enzymes responsible for liquefaction are thought to be adsorbed or metabolized by the living host, but accumulate after the host dies (Willis 1949) . Funk, Olafson, Raap, Smith, Aitken, Haddow, Wang, Dawson-Coates, Burke & Miller (2008) identified a cysteine protease, Cathepsin L, as the responsible enzyme. Both Funk et al. (2008) and Martone, Spivak, Busconi, Folco & Sánchez (1999) demonstrated that the enzyme is associated with pseudocysts of Kudoa. Earlier, Patashnik, Groninger, Barnett, Kudo & Koury (1982) concluded that while the proteolytic enzymes were associated with pseudocysts, they were not produced by the mature myxospores.
In Atlantic salmon, the extent of post mortem myoliquefaction is correlated with parasite intensity measured as the number of pseudocysts/mm 2 (Funk et al. 2007 ), the number of myxospores (Dawson-Coates, Chase, Funk, Booy, Haines, Falkenberg, Whitaker, Olafson & Pearson 2003; St-Hilaire, Hill, Kent, Whitaker & Ribble 1997) , or the quantity of nucleic acids of K. thyrsites origin (Funk et al. 2007 ). Similar correlations have been documented in infected M. productus (Zhou & Li-Chan 2009; Samaranayaka, Ho & Li-Chan 2007) .
Myxozoa have an alternating two host-life cycle where development in each host concludes with the release of one of two types of infective spores. Myxospores are typically produced during maturation within a vertebrate host (usually fish and amphibians) and actinospores are formed within an invertebrate host following gamogamy (Kent, Andree, Barhtolomew, El-Matbouli, Desser, Devlin, Feist, Hedrick, Hoffman, Khattra, Hallett, Lester, Longshaw, Palenzeula, Siddall & Xiao 2001) . Although K. thyrsites has many piscine hosts, fish to fish transmission via intubation of infected tissue has not been successful (Moran, Whitaker & Kent 1999b ), such as demonstrated for Enteromyxum species (Sitjà-Bobadilla & Palenzuela 2012). Instead, infection occurs after exposure to seawater (Moran et al. 1999b ) and therefore the life-cycle of Kudoa is presumed to be similar to other two-host myxozoa. The identity of the invertebrate host(s) remains unknown and all the stages thus far have been described in fish. K.
thyrsites is first found as small multicellular plasmodia located intracellularly within myocytes, and later develops into larger pseudocysts containing disporoblasts, developing and mature myxospores, and undifferentiated cells (Willis 1949) . Typically mature myxospores are located in the interior of the pseudocysts and undifferentiated cells along the periphery (Morado & Sparks 1986; Moran, Margolis, Webster & Kent 1999a (Moran & Kent 1999; Moran et al. 1999a; Moran et al. 1999b) . Most data were collected during the first year of exposure using light microscopy except for (Moran et al. 1999a) , where PCR was also used. These previous studies showed that muscle tissue from Atlantic salmon became infected within the first few months of exposure and that infection prevalence declined after 9-12 months (Moran & Kent 1999; Moran et al. 1999a) . Inflammation occurred in response to lysis and degeneration of infected muscle fibres throughout most of the infection period, but eventually resolved (Moran et al. 1999a) . No earlier stages have been described, but Moran et al. (1999a) detected the parasite in multiple tissues, including blood, by PCR, especially during the initial period of infection. Blood was suspected to be the route of dispersion within fish following successful transmission via intraperitoneal injection of blood from a chronically infected fish (Moran et al. 1999b ).
Industry monitoring programs have shown that there is regional variation in the level of infection and consumer claims within British Columbia's waterways (Morrison & MacWilliam 2010b However other factors affecting host parasite interactions, such as water temperature are also known to affect the outcome of myxozoan infections of fish .
The primary objectives of the current study were to combine PCR detection, histology, and fillet testing to compare the progression of infection throughout the two year marine growout phase at two commercial sites located in regions having different predicted infection outcomes. Our data, based on multiple samples per fish, provide the most detailed description of the progression of infection, especially during the second year of exposure. In addition, this is the first data obtained from a less affected population.
Materials and Methods

Fish farms and sampling procedures
Two commercial Atlantic salmon farms were sampled throughout their grow-out production cycle. Farms were chosen based on the historical records of fillet discard rates due to K.
thyrsites, and classified as either being high (4.0 -7.6 %) or low (0.5 -3.4 %) (Morrison & MacWilliam 2010b (Tables 1 and 2 ). Fish at the LP site were moved to an adjacent farm in January 2011. At each farm, 30 fish were sampled (blood and muscle) monthly for 15-17 months and then at 2.5 month intervals for the final three samplings totalling more than 500 fish (Tables 1 and 2 ). Sampling ended shortly before commercial harvest at approximately 24 months after seawater entry.
Sampled fish were randomly chosen from the same population (net pen) using a box seine and a dip net. Fish were reared using the standard commercial procedures of the farms. Water quality parameters, including temperature, salinity and dissolved oxygen were recorded daily throughout the sampling time following established farm procedures.
At each sampling time, fish were quickly captured and placed in a bucket containing a lethal dose (300-500 mg/L) of tricaine methanesulfonate (Syndel Laboratories Ltd., Canada) or by irreversible percussive stunning. Then, blood was collected within 2 min after anaesthesia from the caudal vein using EDTA coated vacutainers (BD Vacutainer ® ) and placed on ice until centrifugation. Blood was centrifuged at 3,000 g for 10 min at 4 °C, and plasma and blood cells were frozen at -80 °C. Fish were held on ice until further sampling. Muscle samples were collected from eight tissue sites ( Fig. 1 ) within 1-4 h after capture, or within the next 12-18 h from fish transported on ice and stored at 4ºC. Muscle samples were frozen on dry ice and transferred to a -80 °C freezer for PCR analysis or fixed in 10% neutral buffered formalin for histology. Wet weight, fork length and sex were recorded for each fish.
Fillet assessment
All fish weighing 1 kg or greater were used for fillet assessment to measure the effects of K. thyrsites (pit counts and manifestation of myoliquefaction) (Tables 1 and 2 ). As growth was slower at the LP farm, fewer fish were analyzed (n=181) than at the HP farm (n=350) ( Tables 1-2 ). Both left and right fillets were collected from these fish either during sampling, or within 12-18 hours from whole fish transported on ice and stored at 4 ºC. Fillets were stored flat, skin side together in sealed bags (3-4 ºC). Each fillet was examined for pits at one, three, and seven days after sampling. Pits measuring less than 2 mm diameter, or those due to gaping or mechanical damage were not counted. Fillet classification followed a modified version of the grading system described by Dawson-Coates et al. (2003) . Each fish was assigned a grade (K0 to K6) depending on the final count of pits from both fillets on day seven. K0 to K3 grades had counts of 0, 1-10, K. thyrsites is known to have patchy distribution throughout skeletal muscle (Funk et al. 2007 ), therefore false negatives can be expected when using muscle as an indicator of infection.
To compensate, each fish was systematically tested before classifying it as positively or negatively infected. For example, if a fish was positive in tissue site A, it was called positive and no more PCR testing was done; however, if a fish was PCR negative at tissue site A, then site B was also tested and so on, up to four tissue sites per fish. In HP fish, all eight sites were analysed in order to evaluate the sensitivity of the test throughout the sampling period, but prevalence was calculated from the four samples collected on the left side of the fish as per the LP farm.
Histopathology
Up to ten PCR positive fish (based on the result from the first muscle site) were randomly chosen for the evaluation of the intensity of infection using histological examination of the muscle. See details of sampling numbers and dates in Tables 1 and 2 . The total number of fish examined from the LP farm (109) was lower than from the HP farm (147) because less than ten fish were PCR positive in several samplings. All fish with PCR positive blood and an additional subset of fish with either light or heavily infected fillets were also included (n=43).
Myomere cross sections from the eight muscle sites were processed, embedded in paraffin, sectioned, and stained with Hematoxylin and Eosin (H&E) by the British Columbia
Ministry of Agriculture and Lands in Abbotsford, British Columbia following standard protocols. The entire area of all sections was examined using an Olympus CX41 compound microscope at 200X magnification. The intensity of infection was calculated using total pseudocyst counts standardized to area. The area of the sections was determined by tracing photographs of each section using Photoshop v.6.0 and converting the traced areas into pixels using Image J v.1.44. Data was analyzed with and without counts from poor performers, defined as fish that weighed less than 40% of the monthly mean.
A subsample of 20 infected and one uninfected fish from the HP site were embedded in Technovit resin (Heraeus, Germany), sectioned at 2-3 μm, and Giemsa stained. Most selected fish were collected between 778 and 1,113 degree days and included fish that were PCR positive in blood and/or muscle, but otherwise negative through H&E screening. An additional eight fish with exceptionally heavy infections from 1,400, 1,675, and 2,013 degree days were also included. Sections from each fish were examined for stages prior to penetration of myocytes, developmental stages within myocytes, and cellular immune response.
Statistical analysis
All statistical analyses were performed using Statistics v.9. All data was validated for normal distribution and homogeneity of variance using frequency histograms and descriptive statistics otherwise non-parametric tests were used.
Results
The overall number of degree days and fish size were greater at the warmer, more southern HP farm. The average measured temperature during the study was 8.70 ºC at the HP farm and 8.44
ºC at the LP farm. Salinity and monthly dissolved oxygen levels were consistently lower at the HP farm (Tables 1-2) .
Fillet analysis
Fillets from the HP farm consistently showed more pitting (after seven days of observation) than those from the LP farm throughout the entire period of analysis ( Fig. 2 ; Table   S1 ). An average of 34 % of fillets from the LP farm had one or more pits compared to 72 % at the HP farm. Very few fillets (4 %) from the LP farm were categorized as K4 -K6 compared to 27 % at the HP farm ( Fig. 2 , Table S1 ). There was no change in fillet manifestation within farms with increased production time or growth. There was no difference in manifestation in fish filleted at the farm compared to those filleted the following day (not shown). Fillet manifestation was sometimes visible the day following sampling (Day 1) but became more visible after four to seven days (Fig. S1 ). Analysis of results from the final six sampling points from HP fish showed a significant decrease in the percent of unaffected (K0) fillets (P = 0.002) and a corresponding increase in K3-K6 fillets (p = 0.0054) between days one and four (analysis of variance (ANOVA) followed by Tukey`s pairwise comparison). Changes between four and seven days were not statistically significant by pairwise comparison.
PCR sensitivity and sampling effort
K. thyrsites has an over dispersed distribution and multiple muscle samples per fish were necessary to compensate for false negative results (type two error) from PCR analysis. Assuming a negligible type two error rate after testing up to eight muscle samples, the percent of false negatives per number of tissue samples analysed from the HP farm was calculated. The proportion of fish incorrectly identified as uninfected had an inverse log relationship (R 2 = 0.998) to the number of tissue sites used (Fig. 3) . Therefore, the false negative rate was approximately 33 % using one tissue site compared to 9 % when using four sites (Fig. 3) . All results described hereon are based on four tissue sites per fish.
Monthly sampling effort at the HP farm, defined as the total number of PCR sites tested each month (maximum 120) was lowest (52 or less PCR reactions) between 2,265 and 4,017 degree days corresponding to a 90 % or greater prevalence (Fig. 4 , Table 1 ). Sampling effort at the LP farm was highest between 622 and 1,518 degree days, and then varied between 62 and 92 PCR reactions for the duration of the sampling period (Table 2) .
K. thyrsites prevalence of infection by PCR
K. thyrsites was first detected in muscle tissue earlier at the LP farm (38 days post entry = 355 degree days) than at the HP farm (58 days post entry = 509 degree days), though with the same prevalence of infection (13.3 %). Subsequently, infection prevalence increased at both farms until approximately 2,000 degree days, reaching higher values (90-100 %) in HP fish (between 2,265 and 4,017 degree days) than in LP fish (37-73 %) (between 1,804 and 3,053 degree days). In both farms, there was a subsequent decline in the prevalence, though more pronounced in the HP farm. In any case, prevalence of infection was always higher in the HP than in the LP farm (Fig. 4) .
K. thyrsites was first detected in the blood from HP fish at 778 degree days with a prevalence of 23.3 %. In subsequent samplings, prevalence ranged between 0 and 17 % (Table 4 , Fig. S2 ). A similar pattern, although with later first appearance (975 degree days) and lower prevalence, occurred at the LP farm (Table 5 ). All fish, except one, having PCR positive blood were also PCR positive in the first muscle tissue site tested. This exception was PCR positive in the second tested muscle site.
Histologic diagnosis and histopathology
Pseudocysts were visible by histology at 1,113 and 975 degree days at the HP and LP farms, respectively. At the HP farm, pseudocyst detection matched between 80 to 100 % of muscle PCR positive fish from 1,400 to 3,300 degree days. However, later on these values decreased to 50 to 80 % (Table 4) . At the LP farm, corresponding prevalence by histology was 100 % between 1,236 to 1,962 degree days, but later decreased to values between 33 and 67 % (Table 5) . No pseudocysts were visible in the eight fish that were PCR positive in the blood at 778 and 1,113 degree days at the HP farm (Table 4 ), but they were visible in one of the two fish that were positive in blood at 975 degree days at the LP farm (Table 5 ). However, in subsequent HP samplings (2,265 degree days onward) 92 % of the blood positive fish also had visible pseudocysts; most also exhibiting inflammation and heavy infections (Table 4) . Coincidence of blood positives and pseudocysts was also high (80 %) in the LP farm between 2,682 and 4,068 degree days (Table 5) .
Infection intensities, calculated from the cross sections from randomly selected PCR positive fish, were higher at the HP farm than the LP farm at similar degree days (Fig. 5 ).
Intensity increased as K. thyrsites became visibly established in the muscle of PCR positive fish, reaching averages of 0.22-0.57 pseudocysts per mm 2 at the HP farm between 1,400 and 2,013 degree days. In contrast, average highs at the LP farm ranged between 0.12-0.13 pseudocysts per mm 2 between 1,518-1,962 degree days (Fig. 5) . Intensity dropped in the subsequent samplings at both farms. Individual variation within each sampling time was high, such that statistically significant differences (P < 0.05) were only detected between the peak levels and those obtained at 5,392 degree days at the HP farm, and between peaks levels and those obtained at 4,068 and 5,694 degree days at the LP farm (identified by pairwise comparisons following a KruskalWallis non-parametric ANOVA). Exclusion of poor performers did not affect the analysis, but these fish generally had higher than average parasite intensity. Intensities of infection obtained from different tissue sites of the fish (Fig. 1) were not significantly different (data not shown).
When the intensity of infection was analysed from 81 fish sampled between 2,901 and 6,389 degree days at the HP site, selected through having either high (K4-K6) or low (K0-K2) fillet manifestation levels a strong and significant positive correlation was found between intensity and fillet severity (P< 0.05) Spearman's rank correlation (not shown). However, the average number of pseudocysts in K4-K6 fillets was negatively correlated with increasing number of degree days at the HP farm (Fig. S3) . Intensity of infection of K4-K6 fillets at 2,901 degree days was significantly different (P < 0.05) from that at two of the final three samplings (Kruskal-Wallis ANOVA), but there were no significant changes in K0-K2 during the same time period (Fig. S3 ). Infected myocytes appeared to be clumped, rather than evenly dispersed, but this observation was not quantified. Putative early stages were observed in blood vessels (Figs. 6E-F), migrating through skin (Fig. 6G ), or as multinucleate cells interstitially between myocytes (Fig. 6H) . These unusual cells were rare and we were not able to conclusively identify them as K. thyrsites by conventional histology. Pseudocysts from older fish were filled with mature myxospores in a matrix of eosinophilic fibrous material (Fig. 7B) . H&E stained polar capsules on developing spores were pink (Fig. 6D ), but became refractile and pale-mauve with deeply stained pycnotic This evidence of inflammation was present throughout the entire sampling period, but decreased after 3,675 and 3,053 degree days at the HP and LP farms respectively (Tables 4 and 5) .
By 1,400 degree days many pseudocysts appeared to have lost their integrity and myxospores, disporoblasts, and other undifferentiated cells were visible within and outside of myocytes (Fig. 7E) . Disintegration of the surrounding myofibrils (Fig. 7E ) was also notable on approximately half of these fish. The majority of fish (approximately 80%) having this attribute were dissected one day post mortem, so most of these effects were probably attributable to myoliquefaction rather than autolysis. Four fish from the high prevalence site, sampled within 30 min to four h of capture, had immune cells within the affected myocytes. On rare occasions, macrophages were present within muscle cells that had both degenerated pseudocysts and myofibril breakdown. However, in general, the most common form of immune response was inflammation presumably in response to completely degenerated myocytes rather than to intact myocytes.
Discussion
In the present survey, the progression of K. thyrsites infections at two operating commercial sites having different historical levels of soft-flesh manifestation at harvest is described. Pseudocyst development, host immune response and infection prevalence from the high prevalence site showed similarities to previous work at the Pacific Biological research station, located further South in the Straight of Georgia (Moran et al. 1999a; Moran & Kent 1999) , but herein more sample points and both PCR analysis of multiple tissues and pseudocyst counts were used. All measures of infection were lower at the historically LP farm. Fillet manifestation results did not show any indication of change over time, but at the HP farm PCR prevalence and intensity of infection decreased near the end of the production cycle. At the LP farm, intensity was the only parameter that clearly decreased. PCR was the most sensitive detection method, detecting higher numbers of infected fish at earlier sampling times, but, also had false negatives in inverse proportion to the numbers of muscle tissue sites tested.
Fillet analysis
Pits counts were consistently lower at the LP farm throughout the sampling period , thereby confirming the original region based expectation. The values obtained here were higher than those of industry surveillance records, most likely due to warming during the 10-20 minute period of sample dissection compared to the rigorous temperature management of a commercial harvest. A positive correlation between temperature and myoliquefaction has been reported previously in Pacific whiting, M. productus, infected with K. paniformis (Patashnik et al. 1982 ).
Although we could distinguish a clear difference in manifestation level between farms, we did However, pseudocyst density decreased during the final year within the subset of fish having high levels of myoliquefaction, was detected in highly which suggests that other factors such as pseudocyst development or size may have affect the degree of myoliquefaction.
Histological analysis
Intracellular pseudocysts were easily observed in various stages of development but detection and identification of earlier forms of infection and development proved challenging.
Examination of muscle and blood vessels of younger and more heavily infected fish was inconclusive with the detection of a few seemingly foreign cells that could not be positively identified as Kudoa. Morado and Sparks (1986) described a 5-10 µm putative intracellular infective stage within host phagocytes in both juvenile and mature M. productus. These cells were described as typically unicellular but occasionally multicellular, and were described from fish with a range of infection levels including fish having light infections prior to spore development (Morado & Sparks 1986) . Stages representing early infection may be difficult to Once within myocytes, mature myxospores tended to concentrate within the interior of developing pseudocysts and were surrounded by undifferentiated or sporogonic cells, as described from most hosts infected with K. thyrsites (e.g. Morado & Sparks 1986; Moran et al. 1999a ). The thread-like extensions occasionally observed between the pseudocyst and host cell cytoplasm can be interpreted as membrane foldings of the primary cell. Using electron microscopy, Stehr and Whitaker (1986) described microvilli in K. thyrsites from M. productus, having dimensions of 0.5 µm in width by 0.9 µm in length. Older fish appeared to have larger pseudocysts, lacking undifferentiated cells and having an eosinophillic fibrous matrix that we did not observe in pseudocysts from younger fish. It is possible that these differences may provide an indication about when the fish acquired the infection, but detailed measurements were not within the scope of this survey. The size of the pseudocysts may also be a function of increased myomere size in larger fish. Counts per mm 2 from different regions of the fish were not different, contrary to observations of mixed Kudoa infections in M. productus (Kabata & Whitaker 1985) and of K. thyrsites in C. hippurus (Langdon 1991) .
Visible evidence of cellular immune response to K. thyrsites appears to be host dependent. The consistent inflammatory response with melanomacrophage centres and evidence of phagocytosis observed here was previously reported by Moran and co-authors (1999a), but Harrell and Scott (1985) reported an absence of inflammation in infected Atlantic Salmon.
Inflammation, caused by K. thyrsites, has been observed in C. hippurus and M. productus Loose or uncontained spores and presporogonic stages found both within and between myocytes appeared to primarily be a post mortem effect given that this was more frequently observed in fish dissected on the day following sampling. However, the presence of macrophages within myocytes having loose stages from a small number of fish that were dissected within hours of capture suggests that this event may occur at a low level within living fish. Cyst walls are known to dissolve in bullseye puffer Sphoeroides annulantus (Jenyns) infected with Kudoa dianae and spores travel through the esophageal connective tissue without eliciting an immune response (Dykova, Avila & Fiala 2002) . For K. dianae this observation is explained as an adaptation to shed spores through the digestive tract (Dykova et al. 2002) . At this time it is not clear whether K. thyrsites stages can spread between muscle cells. Stehr and Whitaker (1986) described evidence of myoliquefaction in myofibrils in close proximity to the parasite from tissues collected immediately following euthanization (Morado & Sparks 1986 ). The same authors also report 'coagulative necrosis' of myocytes with the presence of phagocytes, also supporting that some degree of myomere breakdown occurs while the fish is alive. Occurrence of myoliquefaction in live hosts has been described, but is rare. Eiras, Júnior, Sampaio, Robaldo and Abreu (2007) only samples collected from heavily infected fish from day 2 had extensive tissue breakdown.
Infection dynamics
Onset of infection showed similarities at both farm sites as well as to previous trials (e.g. Moran and Kent 1999; Moran et al. 1999a) . The first detections between May and June were within the seasonal infectivity window (April 25 th to December 4 th ) identified by Moran and Kent (1999) . Spring entry trials by Moran and Kent (1999) and Moran et al. (1999a) also detected infections within two months of entry. Our evidence of first infections (355 and 509 degree days) were similar to the six week detection (approximately 420 degree days) found by Moran et al. (1999a) by PCR in multiple tissue, including blood. Visually we were able to detect K. thyrsites in the muscle after 975 and 1,113, but not at 778 degree days, similar to the 1,000 degree days reported by Moran and Kent (1999) , but not as early as Moran et al. (1999a) and Young and Jones (2005) where early stages of cysts were described around 600 -630 degree days.
PCR detection of the parasite within blood samples, coinciding with the onset of infection at both farms, supports a similar pattern of infection as presented by Moran et al. (1999a) . Migratory stages within teleost circulatory systems have been described in several myxozoans e.g. (Holzer et al. 2003; Bjork & Bartholomew 2009) . At the HP farm, detection in blood did reoccur but not at the same prevalence as the initial detection, possibly indicating a reduction in new infections in older fish. Most of the fish having positive blood results after 2,265 degree days also had moderate to heavy infections with evidence of inflammation and phagocytosis of spores and therefore at least some of these results may be attributable to late rather than early stages of infection.
The highest prevalence of infection at the HP farm was between 2,265 and 4,839 degree days (approximately 9 and 17 months post entry) and was nearly 100%. Moran and Kent (1999) showed a peak at 2,000 degree days followed by a decline, based on two sampling points from the subsequent 12 months. We also report a decline at the HP farm, but not until 19 months (5,329) degree days. The current observation is based on three sample points within a five month period and is supported by both increased sampling effort by PCR and decreased intensity counts. These observed declines could be a result of infection resolution, possibly due to the inflammatory response, or reduced detection due to dispersal of pseudocysts from muscle fibre hyperplasia as the fish grew (Higgins & Thorpe 1990) . Analysis using stereology and counts of leading edges of pseudocysts from sections taken at multiple depths could be used to calculate the number of infections per unit volume and extrapolated per individual fish (West 2012 ), but
were beyond the scope of this survey. Assuming all individuals were eventually exposed, the stable prevalence at the LP farm could be explained by a population level equilibrium between acquiring and resolving infections. Note that Moran et al. (1999b) found that some fish maintained in freshwater following a two week exposure to infective seawater were infected for as long as 23 months. Therefore, once infected, at least some of the pseudocysts may remain encysted for the duration of the fish's lifespan. It is possible that the plateau in prevalence in the LP farm may be due to population level resistance to new infections after low levels of exposure. This acquired resistance could explain the apparent decrease in prevalence and intensity seen at the HP farm as well as the decreases observed by previous studies (Moran & Kent1999; Moran et al. 1999a) . Resolution, followed by were higher in fish under 40 cm. But this study also showed that presporogonic stages were present in all age classes with older fish having an increased overall prevalence. In contrast, Langdon et al. (1992) reported a tendency for distinct populations of Mahi mahi, C. hippurus, to be infected with either sporulated or unsporulated K. thyrsites. Older infected tubesnout, A.
flavidus, had larger cyst sizes than younger fish (Shaw et al. 1997) , although this may reflect reduced growth constraints within smaller myocytes.
Regional variation in K. thyrsites prevalence
Regional variation in K. thyrsites infections of Atlantic salmon has been described in British Columbia with northern Vancouver Island and the West Coast having lower prevalence than most Discovery Island farms (Karreman et al. 2003; Morrison & MacWilliam 2010a) . Our infection intensity was also higher in the Discovery Island farm but lower than fish from experimental trials in the Strait of Georgia (Funk et al. 2007; Jones, Forster, Liao & Ikonomou 2012 ). An epidemiological survey of farms in British Columbia identified a variety of trends correlated with infection related to environmental parameters, such as, distance from bottom, bottom slope, salinity, dissolved oxygen as well as stress inducing husbandry practices, such as, transport and stocking density (Karreman et al. 2003) .
As of yet, none of these trends have been (King et al. 2012) . It is curious why northern populations of hake are more infected than farmed Atlantic salmon in the same region, but the migratory ranges of Hake populations are not well understood.
Although K. thyrsites is a globally dispersed parasite and found in many wild fish (Whipps & Kent 2006) , reports in Atlantic salmon from other regions are limited. Infections have been documented from Atlantic salmon in France (cf. Harrell & Scott 1985) , Galicia, Spain --including an anecdotal reference to other infections (Barja & Toranzo 1993) , Ireland (Palmer 1995; Palmer 1995 cf. Whipps & Kent 2006 , Chile (Lopez & Navarro 2000) and Tasmania (Munday, Su & Harshbarger 1998) . Munday et al. (1998) provided an anecdotal report of regional variation in Atlantic salmon in Tasmania, which they suggest could be due to differences in antifouling practices or feed. Regional variation in other affected farmed fish, such as Mahi mahi, has not been assessed. Levsen et al. (2008) found K. thyrsites infections in wild *Sampling effort calculated from a maximum of four sites from the left side of 30 fish per month (120/month). Exceptions are the first two sample points where only one sample was analyzed per fish during the first sample point only 15 fish were collected in June.
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